Bis(2-hydroxyethylthio)alkanes and bis(2-hydroxyethylthioalkyl)ethers are important biological and environmental degradation products of sulfur mustard analogs known as sesqui-and oxy-mustards. We used atmospheric pressure chemical ionization mass spectrometry (APCI MS) to acquire characteristic spectra of these compounds in positive and negative ionization modes. Positive APCI mass spectra exhibited
S
ulfur mustards are potent vesicants with a history of use in armed conflicts as chemical warfare agents (CWA) [1, 2] . Besides the commonly known bis(2-chloroethyl)sulfide (HD), five sesqui-and two oxy-mustard analogs are included on the Chemical Weapons Convention (CWC) Schedule of Chemicals [3] . These mustard analogs were first synthesized in 1921 [4] and may be found as impurities in munitionsgrade mustard formulations along with other longer chain mustards and sulfur contaminants [5, 6] . More specifically, the sesqui-mustard 1,2-bis(2-chloroethylthio)ethane (Agent Q) and the oxy-mustard bis(2-chloroethylthioethyl)ether (Agent T) are major components in the weapons-grade munitions designated HQ and HT, respectively [7] . As vesicants, these compounds are two to five times more potent than HD [8] with estimated human LC 50 -time relationships for inhalation exposure of 300 mg-min/m 3 (Agent Q) and 400 mgmin/m 3 (Agent T) [9] compared with 1500 mg-min/m 3 (HD) [10] . Thus, although the biological effects of exposure to HQ and HT are similar to those observed for HD, the presence of Agent Q or T increases the activity of these mixtures [10] . Sesqui-and oxymustards are a public health concern because of the risk of exposure to personnel involved in the destruction of chemical weapon stockpiles or to victims of a terrorist or military attack involving these agents. The biological fate of HD has been extensively studied [11] [12] [13] [14] [15] and three metabolic pathways: glutathione conjugation followed by ␤-lyase metabolism, hydrolysis, and direct oxidation at the sulfur atom, have been elucidated and are believed to be responsible for the HD metabolites excreted in urine [13] . Likewise, environmental degradation of HD has been well characterized [5, 16] and occurs primarily through hydrolysis to form thiodiglycol (TDG) and oxidation to form sulfoxides and sulfones [17] . Although the fate of sesqui-and oxy-mustards has not been as extensively studied [5, 10] , these mustards are assumed to follow biological [10] and environmental pathways similar to those of HD [17, 18] . For example, D'Agostino and Provost identified several hydrolysis products in hydrolyzed samples of HQ and HT [18] that included diols analogous to TDG; and recently, St. Quintin et al. confirmed the hydrolysis of sesqui-mustard analogs to their respective diols using nuclear magnetic resonance spectroscopy [19] . Thus biological and environmental degradation products of HD and the analogous sesqui-and oxy-mustards include their corresponding diols TDG, bis(2-hydroxyethylthio)alkanes (BHETAs) and bis(2-hydroxyethylthioalkyl)ethers (BHETAEs), respectively.
Until relatively recently, analyses of sulfur mustards and their degradation products were performed by gas chromatography (GC) coupled to various detectors, such as flame-ionization [20] and mass spectrometry [7, 18, [21] [22] [23] . However, because mustard degradation products are more polar and less volatile than the parent CWA, analysis by GC often necessitated timeconsuming derivatization procedures that could possibly increase the complexity of the sample matrix and split the analyte signal among multiple reaction products. High-performance liquid chromatography-mass spectrometry (HPLC-MS) is more suited to the direct analysis of polar, nonvolatile compounds and reports on the analysis of sulfur mustard degradation products by this method occur in the recent literature for various ionization sources. Thermospray ionization coupled to HPLC was used in positive and negative ionization modes and revealed a tendency of the HD metabolites TDG, TDG sulfoxide (TDGSOX), and TDG sulfone (TDGSON) to form dimers at high relative abundance [24] . Not surprisingly, electrospray ionization (ESI) has been extensively evaluated as a source of ionization for sulfur mustard degradation products [6, [25] [26] [27] [28] [29] . Positive ESI MS at two cone voltages selected to maximize molecular ion information and to provide fragmentation data resulted in low to moderately abundant [M ϩ H] ϩ and [M ϩ Na] ϩ and a base peak due to [M ϩ H -
ϩ for TDG and TDGSON, [M ϩ Na] ϩ was the base peak for TDGSOX [25] . Smith and Shih compared the positive ion mass spectra of HD degradation products from three different HPLC-MS interfaces: particle beam electron impact ionization (PBI), ESI and atmospheric pressure chemical ionization (APCI) [27] . Under the conditions used for these studies, Smith et al. reported PBI spectra similar to that obtained from GC-MS via electron impact ionization in that the spectra lacked a molecular ion, but contained abundant librarysearchable fragment ions; ESI and APCI resulted in [M ϩ H -H 2 O] ϩ as the base peak for TDG, but no APCI conditions could be found that would produce [M ϩ H] ϩ [27] . Other work in HPLC-APCI MS by Black and Read [30, 31] resulted in the development of rapid screening methods for the analysis of degradation products of CWA, including those of HD. For TDG, these researchers reported positive full scan mass spectra consisting of a low intensity protonated molecular ion and a base peak due to [M ϩ H -H 2 O] ϩ , and product ion spectra of [M ϩ H -H 2 O] ϩ consisting of additional product ions. The initial method was used to identify HD degradation products in soil samples collected from bomb craters in Iraq and in spiked water and soil samples [30] .
The aforementioned reports focused on TDG, TDGSOX, and TDGSON, but D'Agostino et al. were the first to investigate sesqui-and oxy-mustard degradation products by HPLC-ESI MS [6, 26, 28] . These researchers developed a method to acquire positive ESI mass spectra of the hydrolysis products of Agents Q and T that were rich in both molecular and product ion information by selecting conditions that promoted insource collision induced dissociation (CID). The resultant capillary HPLC-ESI MS method was then used to identify these compounds in aqueous samples collected from a former mustard destruction site [6] . Recently, these researchers identified the same compounds in soil extracts from a former mustard storage site using high-resolution mass spectra acquired on a quadrupole/time-of-flight mass spectrometer [26, 28] . Most recently, Tak et al. reported ESI MS n mass spectra acquired in an ion trap for all five of the sesquimustards listed on the CWC Schedule [29] .
Most of the aforementioned methods produced acceptable results for the analysis of environmental samples at concentrations above 1 g/mL [6, [25] [26] [27] [28] [29] . However, for biomonitoring purposes, a selective and sensitive analytical method for the identification and quantification of sesqui-and oxy-mustard hydrolysis products at ultra trace levels (low ng/mL) in biological matrices is needed. Towards this goal, our report focuses on the mass spectral behavior of the total hydrolysis products of these mustard analogs in APCI MS. APCI offers certain advantages over ESI, such as a lower susceptibility to chemical interferences [32] and ion suppression, better sensitivity due to ionization efficiencies (approaching 100% for some compounds) [32] , ruggedness [31, 32] , and reliability [32] . APCI is also more suitable to typical chromatographic flow rates and, thus, is capable of providing increased sensitivity without the complications of capillary HPLC. Additionally, negative ion mode provides selective detection of analytes that form anions [31] and often results in lower background for biological samples [33] . To our knowledge, HD degradation products are the only sulfur mustard degradation products to have been analyzed by APCI MS [27, 30, 31] . Positive ion APCI MS was used to identify TDG in environmental samples and a detection limit of Յ10 ng/mL was reported [30, 31] . No reports on the APCI MS analysis of the hydrolysis products of the sesqui-or oxy-mustard analogs listed in the CWC Schedule were found in the literature. We examined the mass spectral characteristics of the total hydrolysis products of five sesqui-and two oxymustards under positive and negative APCI conditions and evaluated the gas-phase chemistry observed in the source for use in a selective, sensitive and rugged quantitative analytical method.
Experimental

Materials
The sesqui-mustard hydrolysis products, bis(2-hydroxyethylthio)alkanes (1) (2) (3) (4) (5) , and the oxy-mustard hydrolysis products, bis(2-hydroxyethylthioalkyl)ethers (6, 7) were custom synthesized (Battelle Memorial Institute, Columbus, OH and Cambridge Isotope Laboratories, Inc., Andover, MA) and are shown in Scheme 1 with their abbreviations. Single-analyte stock solutions were dissolved in acetonitrile then diluted in water to working concentrations of 8, 80, 800, 2000, and 8000 nM (1.6, 16, 160, 400, and 1600 ng/mL for BHETPr) for use in positive and negative ion experiments. All solvents were HPLC grade and were used without further purification.
Mass Spectral Analyses
APCI MS experiments were performed on an API 4000 triple quadrupole mass spectrometer (Applied Biosystems, Foster City, CA). The APCI source conditions were as follows: nebulizer current Ϯ5A and declustering potential Ϯ23 V, for positive/negative ionization modes, respectively; temperature 200°C; and nebulizer and curtain gas pressures at 70 and 12 psi, respectively. The first quadrupole was operated at unit resolution and scanned at 1 s/scan over a mass range of m/z 50 to 460. Negative APCI tandem mass spectrometry (MS/ MS) experiments were performed at collision energies of Ϫ10 to Ϫ12 eV with the collision gas (nitrogen) set at six arbitrary units for an average pressure reading of 2.9 Ϯ 0.1 ϫ 10 Ϫ5 torr on the vacuum gauge. The third quadrupole was operated at unit resolution and scanned at 1 s/scan over a mass range of m/z 70 to 325. Full scan mass spectra of individual aqueous standards were acquired by infusion into the mass spectrometer at a rate of 200 L/min using a syringe pump (Harvard Apparatus, Holliston, MA).
Calibration curve standards were analyzed via LC-MS/MS using an Agilent 1100 liquid chromatographic system consisting of a binary pump, autosampler, column heater, and vacuum degasser (Agilent Technologies, Wilmington, DE) interfaced to an API 4000 mass spectrometer. Individual calibrators were eluted from a Luna°C18°(2)°100°ϫ°2.1°mm,°5°m°column°(Phenomenex, Torrance, CA) with 60::40 water::methanol (water contained 10% methanol to reduce bacterial growth) at 200 L/min to obtain calibration curve data. Ten microliters of each calibrator (8, 80, 800, 2000 , and 8000 nM) were injected in duplicate and measured via negative APCI multiple-reaction monitoring (MRM). Negative APCI MRM data were collected for three precursor/product ion transitions and provided data for construction of three five-point calibration curves for each analyte. Data generated from the calibration curves were used to assess the suitability of negative APCI MS/MS for biomonitoring purposes and to identify potential quantification and confirmation ions. A preliminary gradient separation was achieved with water plus 10% methanol (A) and methanol (B) as the mobile phase. The gradient was started at 0% B and was ramped to 25% B in 1 min, to 55% B from 1 to 3 min and to 90% B from 3 to 5 min with a 10 min hold at 90% B for column cleaning. The mobile phase was returned to 0% B for a 3 min equilibration before the next 10-L injection. The flow rate was 400 L/min and the column temperature was 45°C.
Results and Discussion
Unambiguous identification and quantification of lowmass compounds, such as the sesqui-and oxy-mustard hydrolysis products (MW Ͻ 250 Da), at the ultra-trace level in complex biological matrices, usually require multiple separation steps that include sample preparation via solid-phase extraction, HPLC, and multi-stage MS.°Previous°methods°relied°on°in-source°CID° [6] °for production of the structurally significant fragment ions needed for reliable identification of the analytes. Although this approach may be sufficient for environmental samples, it is insufficient for complex biological matrices that often retain low-mass interferences even after multiple separation steps. To reduce the chemical noise and effectively discriminate between the analytes of interest and low-mass interferences, it is desirable to use°multi-stage°MS,°at°a°minimum°of°MS 2° [ 34] .°Ideally, MS/MS allows measurement via MRM of a quantitative transition and at least one confirmation transition [34] ,°thus°improving°selectivity°as°well°as°sensitivity. Early experiments with ESI in our laboratory failed to produce abundant molecular ions suitable for quantification and confirmation by MRM. These results were not unexpected because alcohols do not normally protonate or deprotonate extensively during the ESI or APCI°process° [35] and a common ion at m/z 77, respectively, where "n" equals the number of methylene groups between the sulfur atoms. In addition, a neutral loss of H 2 from
Ϫ of bis(2-hydroxyethylthio)propane (BHETPr, nominal mass 196) obtained with the collision energy at Ϫ10 eV and collision gas (nitrogen) at 2.9 ϫ 10 Ϫ5 torr. Ϫ . The ion at m/z 105 was present in both the in-source CID and product ion spectra, however, analogous product ions were present only at very low abundances for the other BHETAs. Although these fragment ions may be rationalized in terms of eliminations of small neutral molecules, the resulting anion structures are unknown for molecules with this many heteroatoms.
Bis(2-hydroxyethylthioalkyl)ethers.
The oxy-mustard hydrolysis products, BHETAEs exhibited negative APCI mass°spectra°(Table°1)°that°consisted°of°the°base°peak°at
, and additional ions due to in-source CID. In the case of BHETEE, the in-source CID spectrum was similar to that of the analogous sesquimustard hydrolysis product, BHETE, except that additional ions were observed in both the in-source CID and product°ion°mass°spectra°of°BHETEE°(Figure°2 . These results are consistent with the fragmentation patterns of the related BHETAs while accounting for the additional (CH 2 ) n O(CH 2 ) n moiety of the BHETAEs. As in the case of BHETAs, the fragment ions may be accounted for by the loss of small neutral molecules, but the resulting anion structures are unknown.
In addition to [BHETME ϩ O 2 ] Ϫ at m/z 230, the negative ion mass spectrum of BHETME exhibited an ion at m/z 200 as well as other ions of the same m/z as those present in the mass spectrum of the analogous sesqui-mustard°hydrolysis°product°BHETM°(Table°1). Ϫ derived from BHETME. GC-MS data for BHETME acquired during purity assessment of the synthesized compounds at Battelle, led Battelle scientists to suggest that the molecule may undergo a thermally activated intra-molecular rearrangement with the elimination of formaldehyde (30 Da) to form BHETM (Scheme 2) (George Emmett, Battelle, business communication). Our observations appear to support this suggested rearrangement. Ϫ of bis(2-hydroxyethylthioethyl)ether (BHETEE, nominal mass 226) obtained with the collision energy at Ϫ12 eV and collision gas (nitrogen) at 2.9 ϫ 10 Ϫ5 torr. ϩ . As in negative ion APCI, these results are consistent with the fragmentation patterns of the related BHETAs while accounting for the additional (CH 2 ) n O(CH 2 ) n moiety of the BHETAEs.
Positive APCI Mass Spectra
The°positive°APCI°mass°spectrum°(Table°2)°of°the oxy-mustard hydrolysis product BHETME differed from that of the other oxy-and sesqui-mustard hydrolysis products. Instead of the expected [M ϩ H] ϩ at m/z 199, BHETME exhibited a low intensity ion at m/z 181
ϩ . Lower mass ions were also observed that exhibited the same m/z and similar relative intensities as ions observed in the mass spectrum of the analogous sesqui-mustard hydrolysis product BHETM. A product ion scan of the base peak of BHETME at m/z 169 resulted in a spectrum similar to that of m/z 169 from BHETM both in the product ions observed°and°their°relative°intensities°(Figure°4).°These results suggest that m/z 169 may be due to [M ϩ H] ϩ of BHETM, accordingly, the ion at m/z 169 and the product ions at m/z 151, m/z 123 and m/z 91 were assigned to [M ϩ H] ϩ of BHETM derived from BHETME. This evidence further suggests that BHETME may undergo an intra-molecular rearrangement with the elimination of formaldehyde to form BHETM as discussed under the negative ion results for BHETME. 
Evaluation of Superoxide Adduct for Quantitative Analysis
Superoxide addition complexes formed through nucleophilic attack by O 2 Ϫ· are°stable° [37] °and°effectively increase the molecular mass in a manner similar to post-column derivatization. This mass shift could move the analytes away from potential isobaric matrix interferences without the use of additional reagents that could compete with the analytes for ionization. Solely for the purpose of determining whether the superoxide adduct would be stable and would provide a linear calibration curve over our typical calibration range, we acquired data over two days for five calibrants (8 nM, 80 nM, 800 nM, 2000 nM, and 8000 nM). Three ion
Ϫ that produced the highest masses and greatest relative abundances were selected and measured via MRM. For BHETAs and BHETME, the ions monitored were
Ϫ°( Table°1).°Calibration°curves°of°observed°peak height versus expected concentration were constructed from duplicate data points at each concentration level. Separate calibration curves were produced from each of the three transitions monitored on each day, resulting in a total of six calibration curves per analyte. For all analytes, linear regression analysis with 1/x weighting produced linear (r 2 Ն 0.9946) calibration curves for all transitions over at least two orders of magnitude (from 80 to 8000 nM) with relative standard errors of the estimate (RSEE) of Ͻ10%. For BHETEE, the linear range (RSEE Ͻ 15%) was extended to three orders of magnitude (from 8 to 8000 nM). The lowest calibrant (8 nM) was not included in the calibration curves for the other analytes because signals were less than three times the signal-to-noise. Analytical figures of merit for each calibrant were estimated for each transition from the calibration curve data. Accuracy of the calibrants was evaluated in terms of the percentage of the mean calculated concentration for four injections (n ϭ 4) divided by the expected concentration. Likewise, run-to-run precision of the calibrants was evaluated by calculating the relative standard deviation (RSD) of the calculated concentrations (n ϭ 4). Calibrants at 80, 800, 2000, and 8000 nM (ϳ15 to 1500 ng/mL) for all analytes, and at 8 nM (1.8 ng/mL) for BHETEE only were found to have individual accuracies between 89% and 113% and individual run-to-run precision Ͻ15% RSD for all transitions. For quantitative analysis at ultra-trace levels, these accuracies°and°precisions°are°considered°acceptable° [43] .°Fig-ures of merit were roughly estimated from a few experiments rather than rigorously determined because our only intent was to assess the feasibility of developing a quantitative mass spectrometry method predicated on the superoxide adduct rather than to perform a complete validation. Limitations of this report therefore include the low number of quantitative experiments performed, the lack of internal standards and the number and distribution of calibrants across a wide dynamic range. Despite these limitations, all analytes exhibited linear calibration curves and acceptable overall figures of merit for the 80, 800, 2000, and 8000 nM (ϳ15 to 1500 ng/mL) standard levels as calculated from four-point calibration curves. Additionally, BHETEE exhibited acceptable figures of merit for the 8 nM standard level as calculated from linear five-point calibration curves, thus extending the dynamic range to three orders of magnitude for this analyte. Thus individual figures of merit indicated the potential for a quantification ion and two confirmation ions per analyte for concentrations at least as low as 80 nM (13 to 18 ng/mL) and 8 nM (1.8 ng/mL) for BHETEE. This result illustrates the exceptional response of BHETEE compared with the other analytes. For the purposes of this report, the instrument limit of detection (LOD) and limit of quantitation (LOQ) were calculated as 3S 0 and 10S 0 , respectively, where S 0 is "the value of the standard deviation°as°the°concentration°approaches°zero"° [43] .°S 0 was estimated at 95% CL as the y-intercept of the linear regression of the estimated standard deviations of three calibrators°versus°their°expected°concentrations° [43] . LODs based on S 0 estimated from this method agree with the experimental results in that the calculated LODs are between the lowest calibrator that was accurately measured and the lowest calibrator analyzed, but not°detected.°For°brevity,°the°data°presented°in°Table°3 represents figures of merit for observations derived from the product of four analyses and three precursor/ product ion transitions. BHETM and BHETEE, at their lowest concentrations, show 11 rather than 12 observations because no peak was detected for one of the transitions.
Individual standards were injected for the calibration curve data and chromatographed separately under isocratic conditions. After the evaluation of the calibration curve data, a preliminary gradient elution was developed on the same column. High aqueous content in the initial mobile phase was necessary to sufficiently retain the lower molecular weight analytes. Formic acid could not be used in the mobile phase to improve peak shape, because formic acid interfered with formation of
Ϫ . The slower gradient from 1 to 3 min was necessary to adequately separate the BHETAEs from BHETE and BHETPr so that competition for ionization from closely eluting compounds would be minimized. Figure°5°shows°the°extracted°ion°chromatograms°of°the lowest intensity precursor/product ion pair at the lowest concentration level (8 nM for BHETEE; 80 nM for all other analytes) for each analyte. With the preliminary gradient, the sesqui-mustard metabolites are well resolved (R s Ն 2.5) from each other and the oxy-mustard metabolites are baseline resolved (R s ϭ 1.5) from each other. However, the oxy-mustard metabolites elute between BHETE and BHETPr, so that the resolution between BHETE and BHETME is baseline (R s ϭ 1.6) and the resolution between BHETEE and BHETPr is less than baseline (R s ϭ 1.2). Further adjustment of the gradient and other chromatographic parameters may be necessary to adjust for matrix interferences in urine or environmental samples.
Conclusions
Bis(2-hydroxyethylthio)alkanes (BHETAs) and bis(2-hydroxyethylthioalkyl)ethers (BHETAEs) are important environmental and biological markers of sesquiand oxy-mustard vesicants that are listed on the Chemical Warfare Convention Schedule of Chemicals.°Although°other°researchers°[6,°26,°28,°29]°have been able to quantify these compounds in positive ESI MS to 1 g/mL, early experiments in our laboratory using standard materials in this concentration range resulted in [M ϩ Na] ϩ and [M ϩ K] ϩ ions of greater relative abundances than [M ϩ H] ϩ . Such adduct formation is generally observed more often in ESI than in APCI, with alkali metal ions exhibiting a strong affinity for oxygenated centers such as those in alcohol°groups° [34] .°Adduct°formation°is°generally undesirable because it reduces sensitivity by splitting the analyte signal among multiple species and adducts°are°less°amenable°to°MS/MS° [27] ,°often°result-ing in product ion spectra consisting mostly of the adducted ion (i.e., Na ϩ or K ϩ ). Because insufficient fragmentation and poor reproducibility limit the use of°alkali°metal°adducts°for°quantitative°purposes° [34] , we examined the more favorable ionization technique of APCI in an effort to quantitate these compounds in the low ng/mL range needed for biomonitoring purposes. In the course of examining the ionization characteristics of BHETAs and BHETAEs in positive and negative APCI, the superoxide anion was observed in negative ion APCI MS. We have shown that this characteristic superoxide adduct ion,
Ϫ , is abundant and amenable to MS/MS, and that product ion scans of [M ϩ O 2 ]
Ϫ exhibit a sufficient number of high-mass, high-intensity precursor/product ion transitions for analysis by MRM. We have demonstrated the stability and utility of the superoxide anion for specific identification and quantification of these compounds by establishing acceptable analytical figures of merit for three transitions. These characteristics support quantification and render APCI MS suitable for the development of a biomonitoring method that will exploit the advantages of MS/MS. The superoxide adduct ions are promising candidates for the quantification of these analytes from the low ng/mL to 1800 ng/mL range and provide a quantitation ion and at least one confirmation ion with instrument detection limits between 2 and 16 ng/mL, depending on the analyte. To our knowledge, we are the first to propose a quantitative mass spectrometry method predicated on the superoxide adduct anion and, thus, the first to suggest APCI MS as a viable alternative to ESI MS for the quantification of sesquiand oxy-mustard hydrolysis products.
Future work will address the development of an HPLC isotope dilution negative APCI MS/MS method based on superoxide adduct ions for the identification and quantification of BHETAs and BHETAEs in urine. The rearrangement of BHETME to BHETM should not present any difficulty provided the compounds are stable throughout the sample preparation procedure. A sample concentration step should prevent extraction losses from adversely affecting detection limits, and isotope-dilution will further compensate for extraction losses and the inherent variability in ionization efficiencies. Additionally, the use of appropriately distributed calibrants and labeled internal standards should reduce the influence of higher calibrants on 
